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DESCRIPTION OF THE INVENTION 

Field of the Invention 

[001] The present invention relates to a method and apparatus for sensing 
remote objects. More particular, the present invention relates to sensing remotes 
objects using unique and random signal waveforms in both space and time. 

Background of the Invention 

[002] Current techniques for search and track surveillance use an array of 
transmitter source elements (e.g., electromagnetic or acoustic) and an array of receiver 
sensor elements. The array of transmitter source elements generates one or more 
transmitted signal beams that the array of receiver sensor elements receives by forming 
beams, the received signals being scattered by remote objects. The received scattered 
signals are subsequently processed to yield direction and range information of remote 
objects. In many systems, the array of transmitter source elements and the array of 
receiver sensor elements share elements within a single array. 

[003] In the current techniques, only a limited number of signal beams can be 
formed simultaneously. Therefore, a remote object space (volume of coverage) must 
be sequentially scanned sector by sector until the complete remote object space of 
interest has been thoroughly scanned. A fast moving object traveling through the 
remote object space can escape detection simply because the signal beam is never 
directed toward the object at any instant. Also, in the current technique, simple 
countermeasures may affect the system. This is particularly true if the remote object 



1 




space is sequentially scanned in the same manner repeatedly using the same signal 
waveform throughout the object space. 

[004] Therefore, there is a need to provide a method and apparatus for forming 
more beams simultaneously to reduce the likelihood that a remote object will escape 
detection. There is also a need to provide a method and apparatus for reducing the 
effects of countermeasures against the apparatus. 

SUMMARY OF THE INVENTION 

[005] In accordance with the invention, there is provided an apparatus having a 
transmitter and a receiver for sensing remote objects. The transmitter comprises N 
transmitter source elements. The apparatus further comprises a source generator for 
providing N equal carrier signals and a modulator signal generator for generating N 
statistically independent chip sequences. Each chip sequence comprises a plurality of 
chips, each chip having a random phase. Still further, the apparatus comprises a 
modulator for independently modulating the N equal carrier signals with the N 
statistically independent chips sequences, respectively, to generate N modulated 
signals. Each modulated signal comprises a plurality of chips, each chip having a 
random phase. The N modulated signals are transmitted by the N transmitter source 
elements, respectively, forming a composite signal beam. The transmitter source 
elements are separated by approximately 1/2 wavelength. 

[006] There is also provided a method for sensing remote objects comprising 
the steps of generating N equal carrier signals and N statistically independent chip 
sequences. Each chip sequence comprises a plurality of chips, each chip having a 
random phase. The method further comprises independently modulating the N equal 
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carrier signals with the N statically independent chip sequences, respectively, to 
generate N modulated signals and then transmitting the N modulated signals, forming a 
composite signal beam. Each modulated signal comprises a plurality of chips, each 
chip having a random phase. 

[007] Additional objects and advantages of the invention will be set forth in part 
in the description which follows, and in part will be obvious from the description, or may 
be learned by practice of the invention. The objects and advantages of the invention 
will be realized and attained by means of the elements and combinations particularly 
pointed out in the appended claims. 

[008] It is to be understood that both the foregoing general description and the 
following detailed description are exemplary and explanatory only and are not restrictive 
of the invention, as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[009] The accompanying drawings, which are incorporated in and constitute a 
part of this specification, illustrate several embodiments of the invention and together 
with the description, serve to explain the principles of the invention. 

[010] Fig. 1 illustrates a transmitter according to the present invention. 

[01 1] Fig. 1 A illustrates an alternate embodiment of a transmitter according to 
the present invention. 

[012] Fig. 2 illustrates a remote object space. 

[013] Figs. 3A-E illustrates various waveforms output by modules in a 
transmitter or receiver according to the present invention. 
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[014] Figs. 4-8A illustrates various embodiments of a receiver of the present 
invention. 

DESCRIPTION OF THE EMBODIMENTS 

[015] Reference will now be made in detail to the present embodiments of the 
invention, examples of which are illustrated in the accompanying drawings. Wherever 
possible, the same reference numbers will be used throughout the drawings to refer to 
the same or like parts. 

[016] This invention features an improved technique for search and track 
surveillance that overcomes the limitations described above for current techniques. In 
this invention, distinct signal beams are simultaneously transmitted from an array of 
transmitter source elements in a manner to cover all sectors about a source location. In 
addition, countermeasures against a system according to the invention is difficult 
because the signal waveforms for each beam is distinct and random (in both space and 
time), making prediction of any signal waveform for any beam very unlikely. An array of 
receiver sensor elements is provided to receive signals that are scattered from remote 
objects and may be co-located with and share the elements of the array of transmitter 
source elements. The scattered signals are received and processed to yield the 
direction and range of the remote objects. 

[017] Fig. 2 illustrates an array of transmitter source elements 2 that radiates 
signals to form composite signals 10 and 1 1 . These signals are reflected by remote 
objects 12, 13 resulting in scattered signals 15 and 16, which are intercepted by an 
array of receiver sensor elements 14. The radiated signals from each transmitter 
source element 2 are each uniquely modulated, as explained in further detail below. 




The composite signal beam 10 received at remote object 12 is entirely different from the 
composite signal beam 1 1 received at remote object 13, provided they are separated by 
at least one beam-width of the array of transmitter source elements 2. 

[018] Fig. 1 illustrates an exemplary transmitter 100 in accordance with the 
present invention. The transmitter 100 includes a coherent signal source 7, a signal 
divider 8, a transmitter modulator 6, and transmitter source elements 2. The coherent 
signal source 7 provides a reference stable carrier signal. The coherent signal source 7 
outputs the carrier signal to the signal divider 8. The signal divider 8 divides the carrier 
signal into multiple signals of equal value, one signal for each transmitter source 
element 2. The signal divider 8 outputs the multiple signals to the transmitter modulator 
6. 

[019] A transmitter configuration memory 1 stores information such as the 
configuration of the transmitter source elements 2, transmission line lengths, and other 
information that influences amplitude, phase, and polarization of the signals emitted 
from each transmitter source element 2. The information stored in the transmitter 
configuration memory 1 may be input to a modulator signal modifier 3, which also 
receives signals from a modulator signal generator 5. The modulator signal generator 5 
defines the signal waveforms applied to the transmitter modulator 6 for each transmitter 
source element 2. Fig. 3A illustrates signals 302, 304, 306, 308 generated by the 
modulator signal generator 5, one for each transmitter source element 2. The 
modulator signal generator 5 generates J signals where the i-th signal has phases 
<t>i2, . - - , 0in of duration Tc where i=1 ,2, . . ., J and J equals the number of transmitter 
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source elements 2. The individual phases of each signal 302, 304, 306, 308 are 
referred to as "chips." 

[020] The modulator signal modifier 3 may modify the phase of the signal from 
the modulator signal generator 5 based on the data from the transmitter configuration 
memory 1 . In general, these values of phase are fixed and non-varying. The values 
may, for example, be selected by the transmitter configuration memory 1 such that they 
establish an equivalent planar array with the beam steered in a particular direction. Fig. 
3B illustrates signals 302', 304', 306', 308' generated by the modulator signal modifier 3. 
The output from the modulator signal modifier 3 is input to the transmitter modulator 6. 
In an alternate embodiment as illustrated by transmitter 101 shown in Fig. 1 A, the 
signals from the modulator signal generator 5 may be input directly to the transmitter 
modulator 6 without modification by the modulator signal modifier 3. 

[021] The following discussion assumes the that the signals generated by 
modulator signal generator 5 are input directly to the transmitter modulator 6. The 
transmitter modulator 6 independently modulates each signal output from the signal 
divider 8 based on the signals output from the modulator signal generator 5 to produce 
phase modulations. That is, the transmitter modulator 6 phase modulates, or chips, 
each signal output from the signal divider 8 with one of the signals generated by the 
modulator signal generator 5. The phase modulated signals are subsequently emitted 
by the transmitter source elements 2 (i.e., there is one transmitter source element 2 for 
each modulated signal). For each pulse emitted from the transmitter system 1 01 , the 
modulator signal generator 5 creates statistically independent chip sequences for each 
transmitter source element 2. Each transmitter source element 2 is separated from an 
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adjacent transmitter source element 2 by approximately 1/2 wavelength. The aperture 
of the array of transmitter source elements 2 determines the beamwidth of the signal 
beams 10 and 1 1 , shown in Fig. 2. 

[022] Fig. 3C illustrates typical phase modulated signals 310, 320, 330, 340 
output by the transmitter modulator 6 and emitted by the transmitter source elements 2. 
As mentioned above, the transmitter modulator 6 phase modulates, or chips, each 
signal output from the signal divider 8 with one of the signals generated by the 
modulator signal generator 5 (Fig. 1 A), which may be modified by the modulation signal 
generator 5 (Fig. 1). Each chip of the phase modulated signals 310, 320, 330, 340, 
equal phase shifted versions of respective signals output from the signal divider 8. For 
example, using transmitter 101 of Fig. 1 A, assume transmitter modulator 6 modulates 
(or chips) a first signal output from signal divider 8 with signal 302 of Fig. 3A. The 
resulting signal is signal 310 of Fig. 3C. A first chip of signal 310 equals the first signal 
output from the signal divider 8 phase shifted by On, the second chip of signal 310 
equals the first signal phase shifted by <p 12 , and so on. Similarly, signal 320 of Fig. 3C 
results from transmitter modulator 6 modulating (or chipping) a second signal output 
from signal divider 8 with signal 304 of Fig. 3A. A first chip of signal 320 equals the 
second signal output from the signal divider 8 phase shifted by <t>2i, the second chip of 
signal 320 equals the second signal phase shifted by O22, and so on. Signals 330 
through 340 are generated in a similar manner. For transmitter 100, each chip of the 
phase modulated signals 310, 320, 3330, 340 will be phase modulated using the signals 
302', 304\ 306\ 308', illustrated in Fig. 3B. For an electromagnetic system, the 
modulation of each signal preferably is a pulse of one microsecond in duration 
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containing 50 phase modulated chips, each of a 20 nanosecond duration. In this 
example, the carrier frequency is 1 X10 9 Hz. For an underwater acoustic system, the 
modulation of each signal preferably is a pulse of 200 milliseconds in duration 
containing 50 phase modulated chips, each of four milliseconds duration. In this 
example, the carrier frequency is 5,000 Hz. 

[023] Because of the random nature of the signal waveform chip contributions 
from each transmitter source element 2, the resultant chip signals at remote object 12 
and 13 will conform to a Rayleigh density function. Therefore, each chip at a remote 
object will tend to be equal in magnitude but different in phase. 

[024] In addition to phase modulations, the transmitters 100 and 101 may also 
impose amplitude and/or polarization modulations on the signals. 

[025] Fig. 4 illustrates an exemplary receiver 200 in accordance with the present 
invention. The receiver 200 comprises an array of receiver sensor elements 14, a beam 
steering and signal processing subsystem 20, a receiver configuration memory 17, a 
receiver calculator 4, and post-processing and display equipment 32. 

[026] As stated above, the receiver sensor elements 14 intercept the scattered 
signals 15 and 16. The scattered signals 15, 16 are input to the beam steering and 
signal processing subsystem 20. Since the receiver 200 is capable of simultaneously 
receiving many signal beams, each receiver sensor element 14 may have an interface 
connection 19 to interface with multiple beam steering and signal processing 
subsystems 20. 

[027] Each subsystem 20 comprises an receiver signal modulator 18, a signal 
combiner 24, a signal correlator 26, and a transmitter signal waveform memory 28. The 
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subsystems 20 are normally controlled by the receiver calculator 4 in a manner such 
that the subsystems 20 operate independently of each other. 

[028] The receiver signal modulator 18 performs phase adjustments on the 
signals received by each receiver sensor element 14 to electrically steer the signals to 
form a received signal beam in some desired direction. The receiver signal modulator 
18 performs beam steering based on beam steering data calculated by the receiver 
calculator 4. The receiver calculator 4 calculates beam steering data based on data 
received from the receiver configuration memory 17. The receiver configuration 
memory 17 stores information such as the configuration of the receiver sensor elements 
14, transmission line lengths, and other factors that influence amplitude, phase, and 
polarization of the signals intercepted by each receiver sensor element 14. 

[029] The receiver signal modulator 18 outputs the adjusted received signals to 
the signal combiner 24. The signal combiner 24 combines the adjusted received 
signals into a resultant signal waveform and outputs it to the signal correlator 26. The 
signal correlator 26 performs a cross-correlation between the resultant signal waveform 
and a transmitter signal waveform stored in the transmitter signal waveform memory 28, 
described in the following paragraph. 

[030] In addition to calculating the data that electrically steers the receiver 
sensor elements 14, the receiver calculator 4 calculates the transmitter signal waveform 
stored in the transmitter signal waveform memory 28. The receiver calculator 4 
calculates the expected transmitter signal based upon data received from the modulator 
signal generator 5 and the modulator signal modifier 3 (shown in Figs. 1 and 1 A) via the 
interface connector 36 and the transmitter configuration memory 1 (shown in Figs. 1 
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and 1 A) via the interface connector 37. This data allows the receiver calculator 4 to 
predict the resultant signal in any direction. The receiver calculator 4, therefore, 
calculates the transmitter signal waveform contained in any transmitter beam that is 
radiated in any direction in the object space 300 of Fig. 2. When processing a received 
scattered signal 15 or 16 from a particular beam direction, the receiver calculator 4 
calculates the transmitter signal waveform that was transmitted in that direction and 
outputs that data to the transmitter signal waveform memory 28 for temporary storage. 

[031] The output of the signal correlator 26 gives the essential remote object 
detection signal, which is input to the post-processing and display equipment 32. 

[032] In general, the receiver 200 can perform the signal comparison in a 
number of other manners, such as comparing the various signals from the receiver 
sensor elements 14 (individually or in any combination) with expected values calculated 
(individually or in any combination) by the receiver calculator 4. In general, the receiver 
200 may utilize any technique for signal comparison that yields satisfactory detection 
performance. 

[033] In a second embodiment as illustrated in Fig. 5, receiver 400 further 
includes a signal waveform memory unit 21 and a receiver control unit 22. The signal 
waveform memory unit 21 receives inputs from the receiver sensor elements 14 and the 
receiver control unit 22. The signal waveform memory unit 21 stores a time interval 
snapshot of the signals received by the receiver sensor elements 14 and subsequently, 
upon receiving a command from the receiver control unit 22, outputs the received 
signals to the receiver signal modulator 18. The snapshot may be output multiple times 



10 



in order to permit the processing of signals for various received signal beam directions 
using only a signal beam steering and processing subsystem 20. 

[034] In a third embodiment as illustrated in Fig. 6, a receiver 500 comprises 
receiver sensor elements 14, an all-function signal waveform processor 23, and a post- 
processor and display equipment 32. The processor 23 receives inputs from the 
receiver sensor elements 14 and performs all the function described above and below 
for the receiver. Receiver 500 can perform the comparison of the transmitter signal with 
the received signals using the cross correlation techniques described for receivers 200 
and 400. In addition, receiver 500 can perform the comparison in a number of manners 
such as comparing the various signals from receiver sensor elements 14 (individually or 
in any combination) with expected values calculated by the all-function signal waveform 
processor 23. In general, receiver 500 may utilize any technique for signal comparison 
that yields satisfactory detection performance. 

[035] Fig. 7 illustrates a fourth embodiment of the present invention. Fig. 7 
illustrates a receiver 600 in which receiver beam steering is inherent in the correlation 
processing. The receiver sensor elements 14 output their signals directly to the signal 
combiner 24. In this embodiment, the receiver signal modulator 18 is omitted. The 
relative phase of the signals received by each receiver sensor element 14 is random for 
a given incoming wavefront. That is, care is not taken to achieve any particular phase 
relationship. 

[036] In a fifth embodiment as illustrated in Fig. 7A, the receiver signal 
modulator 18 randomizes the phases of the signals received by the receiver sensor 
elements 14. That is, the receiver signal modulator 18 modulates (or chips) the chips of 
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the signals received by each receive sensor element 14 based on random phase 
settings from the receiver calculator 4. The relative phase of each element is, therefore, 
random for each incoming signals. That is, care is not taken to achieve any particular 
phase relationship. The receiver 650 further includes a receiver signal waveform 
memory 28A and a signal correlator 26A. Receiver beam steering is inherent in the 
correlation processing. 

[037] More specifically, in the receiver 650, the receiver calculator 4 generates a 
plurality of phase modulation signals, as shown in Fig. 3D. The receiver signal 
modulator 18 individually modulates the signals received by each receiver sensor 
element 14 based on the plurality of phase modulation signals output from the receiver 
calculator 4. That is, the receiver signal modulator 18 phase modulates, or chips, each 
signal output from the receiver sensor element 14 with one of the signals 302", 304", 
306", 308" generated by the receiver calculator 4. 

[038] Fig. 3E illustrates typical signals 340, 350, 360, 370 generated by the 
receiver signal modulator 18 based on the plurality of phase modulation signals 302", 
304", 306", 308" from the receiver calculator 4. The chipping rate of the receiver signal 
modulator 1 8 is greater than that of the transmitter modulator 6. In one embodiment, 
the chipping rate of the receiver signal modulator 18 is 50 times greater than the 
chipping rate of the transmitter modulator 6. To use the receiver 650, the duration of 
the transmitted chips may be increased, for example, by a factor of 50 to one 
microsecond for an electromagnetic system with a carrier frequency of 1x1 0 9 Hz. For 
an acoustic system, a corresponding increase in the transmitted chip duration may be 
required. This increase permits a sufficient number of carrier frequency cycles to reside 
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within each chip created by the receiver. For example, the number of cycles within 
each chip can be 20. The number of cycles selected for a particular system will depend 
on the minimum number required for satisfactory correlation processing. 

[039] The receiver signal modulator 1 8 phase modulates each of the signals 
from the receiver sensor element 14 with one of the signals 302", 304", 306", 308". For 
example, assume receiver signal modulator 18 modulates (or chips) a first signal output 
from the receiver sensor elements 14 with signal 302" of Fig. 3D. The resulting signal is 
signal 340 of Fig. 3E. A first chip of signal 340 equals the first signal output from the 
receiver sensor elements 14 phase shifted by <t> M ii, the second chip of signal 340 
equals the first signal output from the receiver sensor elements 14 phase shifted by 
<P"i2, a nd so on. Similarly, signal 350 of Fig. 3E results from receiver signal modulator 
18 modulating (or chipping) a second signal output from the receiver sensor elements 
14 with signal 304" of Fig. 3D. A first chip of signal 350 equals the second signal output 
from the receiver sensor elements 14 phase shifted by <P" 2 i, the second chip of signal 
350 equals the second signal output from the receiver sensor elements 14 phase 
shifted by $"22, and so on. Signals 360 through 370 are generated in a similar manner. 
The phase modulated signals 340, 350, 360, 370 are input to the signal combiner 24. 
Signal combiner 24 combines the signals into a combined signal 380, for example, by 
adding them together. Fig. 3E illustrates a resultant signal 380 formed by adding the 
phase modulated chips 340, 350, 360, 370. 

[040] In addition to generating a plurality of phase modulation signals, the 
receiver calculator 4, based on information received from the receiver configuration 
memory 17 and using the phase values within the plurality of phase modulation signals, 
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calculates an expected received signal. The expected received signal is stored in the 
receiver signal waveform memory 28A. The expected received signal is a signal that 
the combined signal from the signal combiner 24 is expected to be if an unmodulated 
carrier was transmitted and scattered by a remote object from a particular direction 
relative to receiver sensor elements 1. For example, referring to Fig. 2, receiver 
calculator 4 may generate an expected signal for a carrier signal transmitted and 
scattered by remote object 13. 

[041] The combined signal from the signal combiner 24 and the expected signal 
from the receiver signal waveform memory 28A are output to the signal correlator 26A, 
which correlates the two signals. The correlated signal is input to a second signal 
correlator 26, where it is correlated with an expected transmitter signal stored in the 
transmitter signal waveform memory 28. The receiver calculator 4 calculates the 
expected transmitter signal based on data received from the modulator signal generator 
5 and the modulator signal modifier 3 (shown in Figs. 1 and 1 A) via the interface 
connector 36 and the transmitter configuration memory 1 (shown in Figs. 1 and 1 A) via 
the interface connector 37. The expected transmitter signal is a signal that is expected 
to arrive from a desired direction. This desired direction of the expected transmitter 
signal may be the direction of signal arrival that the expected receiver signal output from 
the receiver calculator 4 to receiver signal waveform memory 28A are based upon. 

[042] The teachings disclosed in U.S. Patent Application 09/697,187 filed on 
October 27, 2000 by Carl Elam, which is incorporated by reference, may be used in the 
present invention. 
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[043] In a sixth embodiment as illustrated in Fig. 8, the receiver sensor elements 
14 output their signals directly to the signal combiner 24 which combines the signals 
and outputs the resultant signal waveform to the signal waveform memory 34. The 
signal waveform memory 34 stores a time interval snapshot of the resultant signal 
waveforms and subsequently, upon command from the receiver control unit 22, outputs 
the received signal waveforms to the signal correlator 26 for processing. The receiver 
signal modulator 18 is omitted and the receiver beam steering is inherent in the 
correlation processing, as in receiver 600. 

[044] Fig. 8A illustrates a seventh embodiment of the present invention. In 
receiver 750, the signal waveform memory unit 21 receives inputs from the receiver 
sensor elements 14 and receiver control unit 22. The signal waveform memory 21 
stores a time interval snapshot of the received signal waveforms and subsequently, 
upon command from the receiver control unit 22, outputs the received signal waveforms 
to the receiver signal modulator 18, signal combiner 24, and signal correlators 26A and 
26 for processing. The receiver beam steering is inherent in the correlation processing, 
as in receiver 650 illustrated in Fig. 7A. The receiver signal modulator 18 randomizes 
the phases of the signals received by receiver sensor elements 14, similar to receiver 
650 in Fig. 7A. That is, the receiver signal modulator 18 modulates (or chips) the chips 
of the signals received by each receive sensor element 14 based on random phase 
settings from the receiver calculator 4. Each time a snapshot is output from signal 
waveform memory unit 21 and processed, the random phase settings of the receiver 
signal modulator 18 may be changed by the receiver calculator 4. This, of course, 
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requires a revision of the data contained in the receiver signal waveform memory 28A 
prior to performing the first cross correlation. 

[045] The physical size of a transmitter array or a receiver array may be small 
compared with the length of a transmitted chip propagating in the medium being utilized. 

[046] The receiver correlator 26 has a processing gain of: /1 where "N" is 
the number of chips in a single transmitted signal pulse waveform. The transmitter 100 
or 101 sends out chipped signal pulses that may typically contain 50 chips. The value 
for processing gain is established as follows: 

[047] A transmitted and received signal pulse containing N chips will have a 
correlation energy expression of: 



[049] where v R (t + r) is the received pulse comprised of N chips and v T (t) is the 
corresponding transmitted pulse also comprised of N chips. Each chip of both v R (t + i) 
and v x (t) has a mean square value of a\ and a* respectively, or an r.m.s. value of a R 
and a T , respectively. Each chip of both v R (t + x) and v T (t) is a random vector which 
conforms to a Rayleigh density function each with random phase and expected 



magnitude values of v - - and v T respectively. The random vectors are 

composed of the resultant random phase signals from the transmitted source elements 
2. The phase shift term e* je , within the correlation integral, is applied equally to all 

chips of a received pulse where the parameter 0 is chosen to maximize the correlation 
output for each received pulse that is processed. 
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[048] R m (r, 0) = \{v T (/)} • [v M {t + T)e+ J9 )dt 
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[050] The magnitude of the correlation energy of N chips, which are well 
correlated, will be N(a R )(a T /—I , where f is the time interval of a single chip. 

w w 

[051] If on the other hand, the received signal pulse chips are random with 
respect to the transmitted signal pulse chips, the magnitude of the correlation energy of 

the N chips will be VN(a R )(a T ^j . In this case, the N received vectors, represented 

by the received chips, will have random phases with respect to their corresponding N 
transmitted vectors represented by the transmitted chips. The sum of N random vectors 

(with r.m.s. value of a R ) is two dimensional Gaussian (with r.m.s. value of VNot R ). This 
two dimensional Gaussian density function may also be described as a Rayleigh density 
function. 

[052] The value for processing gain is found by forming a ratio of the correlator 
output for a well correlated signal N(a R )(a T i — and an uncorrected signal 



VN(a R )(a T )fI 



[053] The previous expression for correlator output was for a stationary object. 
If the object has a radial velocity with respect to the apparatus, then the expression will 
become: 

[054] R m (t,0) = 7^(0} • {y R (f + T)e^e + ^ r) }dt 

-CO 

+ jw(t + T) 

[055] Where the term e is a simplified phase shift term that accounts for 
the alteration in the phase of the received signal chips due to a doppler frequency shift 
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co. It will be noted that the doppler frequency shift will cause an ever increasing (or 

decreasing) phase shift in each successive chip of a received signal pulse. 

[056] If the receiver correlation processing neglects the doppler frequency shift, 
the resultant effect will be partial or total decorrelation of otherwise correlated signals. 

[057] For an electromagnetic signal with a carrier frequency of 1 X1 0 9 Hz and a 
pulse length of one microsecond, the radial velocity that will cause complete 
decorrelation is 1 million feet/second. A velocity of about 1/10th that value (100,000 
feet/second) should only slightly degrade the correlation output. The value of this 
velocity that will cause decorrelation will depend upon the transmitter signal parameters 
of carrier frequency and the pulse duration. 

[058] Those skilled in the art may utilize well known technology to compensate 
for doppler effects in the correlation processing. One such technique is to introduce a 
compensating phase term in the correlation processing as illustrated in the following 
expression: 

[059] R n (j,6)= j{v T (t)}»{y R (t + T)e* je e +M ' +T) e jw( ' +t) }dt 

-CO 

[060] The term e ' Mt+T) is a processor compensating term that will remove the 
effects of the received doppler phase shift term e * M '* T) . 

[061] For an underwater acoustic signal with a carrier frequency of 5,000 Hz 
and a pulse length of 200 milliseconds, the radial velocity that will cause complete 
decorrelation is five feet/second. This velocity will depend upon the transmitter signal 
parameters of carrier frequency and the pulse duration. Those skilled in the art may 
utilize well known technology to compensate for these doppler effects in the correlation 
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processing. One such technique, as described above, is to introduce a compensating 
phase term in the correlation processing. 

[062] Other embodiments of the invention will be apparent to those skilled in the 
art from consideration of the specification and practice of the invention disclosed herein. 
It is intended that the specification and examples be considered as exemplary only, with 
a true scope and spirit of the invention being indicated by the following claims. 
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